Abstract: An isolated power system (IPS) is usually operated under a bad environment and is influenced by external disturbances. Advanced load restoration technology is an important way to enhance the survivability and reliability of IPS. This paper proposes a fast load restoration approach based on Input-to-State Stability (ISS) theory for IPS. The method can recover load after an outage happens in an IPS under severe perturbations. In the proposed restoration approach, both stability and security constraints are considered based on the ISS theory, which can guarantee the stable and secure operation of IPS during the restoration dynamic process. These constraints have good adaptability for topology transformation and operation status transition of IPS. A heuristic approach to efficiently solve the load restoration problem is proposed, where bisection search is used to check the feasibility of the loads to be restored. Case studies on a typical IPS are used to verify the proposed method.
Introduction
An isolated power system (IPS) [1] is often used in locations such as aircrafts, shipboards, and space stations, and is usually operated under persistent disturbances. Due to the gradually increasing capacity and topology complexity, the stability issue has become more and more prominent for the normal operation of IPS. Advanced network reconfiguration and load restoration technologies are important ways to guarantee the security and uninterrupted service of the IPS under severe disturbances. When sudden faults happen, load restoration helps to minimize the amount of unserved load and service interruption of an IPS.
Traditionally, load restoration is formed as an optimization problem which sets the sum of the active power delivered to the loads as the objective [2] . Mixed integer nonlinear programming techniques are employed to solve the problem. Other optimization objectives, such as power loss reduction are considered in [3] . Methods such as heuristic approaches [4] [5] [6] , expert systems-based strategies [7] , and mathematical programming approaches [8] are proposed to solve the optimization problem. In [9] , a combination of genetic algorithm and fuzzy logic method is used to solve the optimization model of large-scale systems.
̅ , if subsystem 's output can drive subsystem ( , , ⋯ , ) and provide available output ̅ = ( , , ⋯ , ), the available functional vector of subsystem is defined as follows
where, ̅ ( ) is an × matrix with binary elements. Subsystem 's available function is denoted by the sum of all the elements in ̅ ( ). [25, 26] . Consider the structure of the system without abnormal conditions is denoted by ̅ , and the current system structure is ̅ . The functional achievement of subsystem in system structure ̅ is defined as follows
Definition 1 (functional achievement)
where = ∑ ∈ ̅ . The functional achievement of structure ̅ is defined as follows
In an IPS, the function of power sources is to provide power support for the loads. Thus, the outputs of power sources are selected as their output power, and the output of a load is selected as the product of its level denoting its importance and capacity. Since the power sources are connected to the loads directly, ̅ ( ) is an identity matrix. Consider the system structure is ̅ . If source provides power for subsystem ( , , ⋯ , ), its available function can be represented as follows according to Equation (1)
where represents the output power of generator , Ω denotes the region connected to subsystem , and represent the coefficient related to load importance level and the load states respectively, = 1 0 represents that the load is in normal operation and out of service, respectively, and represents the load capacity in Ω .
Since an IPS only depends on generators to provide power support for the whole system, the overall available function of the system can be denoted by the sum of available function of all power sources. According to Equations (2) and (3), the functional achievement of generator can be calculated as follows
The survivability of the IPS in the current structure is Definition 1 (functional achievement) [25, 26] . Consider the structure of the system without abnormal conditions is denoted by S 0 , and the current system structure is S. The functional achievement of subsystem S i in system structure S is defined as follows
The functional achievement of structure S is defined as follows
In an IPS, the function of power sources is to provide power support for the loads. Thus, the outputs of power sources are selected as their output power, and the output of a load is selected as the product of its level denoting its importance and capacity. Since the power sources are connected to the loads directly, H S (i) is an identity matrix. Consider the system structure is S. If source i provides power for subsystem (S k1 , S k2 , · · · , S kn ), its available function can be represented as follows according to Equation (1)
where G i represents the output power of generator i, Ω i denotes the region connected to subsystem i, λ j and o j represent the coefficient related to load importance level and the load states respectively, o j = 1 and 0 represents that the load is in normal operation and out of service, respectively, and L j represents the load capacity in Ω i .
Since an IPS only depends on generators to provide power support for the whole system, the overall available function of the system can be denoted by the sum of available function of all power sources. According to Equations (2) and (3), the functional achievement of generator i can be calculated as follows
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The survivability of the IPS in the current structure is
For an IPS consisting of various generators, loads, and flexible networks, the aim of restoration is to maximize the survivability of the IPS while guaranteeing the stability and dynamic performance of the whole system. Since normally not all the loads can be restored at the same time when considering the stability and security constraints, the restoration procedure can be divided into several stages. The survivability increment of the IPS at the k-th stage can be reformulated as follows
where, Ψ S (k) denotes the survivability increment of the IPS at k-th stage, Ψ k S represents the survivability of the IPS at k-th stage.
The total survivability of the IPS with N restoration stages can be formulated as follows
Above all, the load restoration problem can be formulated as the following optimization problem
x ∈ C security where x denotes the system state vector, C stability and C security represent the stability constraints and security constraints respectively. The fast restoration strategies can be obtained by solving the optimization problem Equation (9), while two important issues are required to be addressed. First, analytical descriptions of the stability and security constraints are required to make Equation (9) solvable. Second, algorithms for solving the optimization problem Equation (9) are required. These issues will be addressed in the following sections.
Flexible Stability and Security Criterion
One crucial issue for solving fast restoration problems is to develop analytical descriptions of the stability and security constraints. Analytical judgment of stability and security of IPS is not an easy task, especially for fast load restoration which requires a criterion satisfying both fastness and flexibility. ISS theory studies the stability of an interconnected system in the perspective of "decomposition" and has good adaptability for topology changes and operation status transitions of the IPS [24] . This section proposes a flexible criterion based on ISS theory. The criterion can consider not only stability but also the security of the interconnected system, which can serve as the stability and security constraints in Equation (9) . Generally, a dynamic system consisting of n subsystems can be formulated as follows
. . .
where
is a function representing the input-output relationship between subsystems and is determined by the connection of subsystems. An IPS mainly consists of generators and loads. Due to the limited capacity of generators and large capacity of induction loads such as propulsion motors, short-term voltage stability is a key issue for the operation of IPS. Thus, the inputs and outputs of generators are selected as currents and terminal voltages respectively, while the inputs and outputs of loads are selected as voltages and currents respectively.
To guarantee the stable and secure operation of the whole system, each subsystem should satisfy the following LISS [24] and LIOS [27] conditions within a certain region of initial states and external inputs.
where β ∈ KL, γ ∈ K ∞ , |·| denotes the Euclidean norm, and · denotes the matrix norm. u ∞ denotes the (essential) supremum norm of an input u defined on an interval T, namely, u ∞ is the smallest number a such that |u(t)| ≤ a for almost all t ∈ T. In this paper, T is considered to be R ≥0 . The definition of comparison functions are described as follows: A function γ : R ≥0 −→ R ≥0 is called a K function if it is continuous, strictly increasing and 
The stability and security region of the whole system can be represented as follows.
Based on the results in [19] , the local region of initial states and the local region of external inputs can be denoted by Ω = {x 0 ||x oi | ≤ ν i } and U = {u| u i ∞ ≤ τ i } respectively, where the value of ν i and τ i are determined by ISS conditions as well as the operational limits. The following theorem gives the sufficient condition for the stable and secure operation of system (10).
Theorem 1. (Flexible stability and security criterion)
The system (10), which consists of n subsystems satisfying LIOS and LISS conditions with linear asymptotic gains as shown in Equations (11) and (12), can achieve stable and secure operation if the following conditions hold.
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where G IOS = Γ IOS Z, Γ IOS is the input to output gain matrix denoted by
; ρ denotes the spectral radius of
and
For any vector x, y ∈ R n ≥0 , x ≤ y is equivalent to x i ≤ y i , i = 1, · · · , n and x < y is equivalent to x i < y i , i = 1, · · · , n. x y means that there exists at least one element such that x i < y i . Z and d represent the relationship between output and input, which
Proof of Theorem. The proof is composed of three steps. First, establish that each subsystem still satisfies LIOS and LISS properties after the interconnection. Second, establish the LIOS properties for the interconnected system. Finally, show that the whole system satisfies LISS after interconnection.
The proof of last two steps proceed almost among the same lines as in [24] , thus only a sketch of the proof of the first step is provided here to show the stability as well as security conditions for the interconnected system.
To prove each subsystem satisfies LISS and LIOS after interconnection, the initial states x oi and external inputs u i should be within the local region W. Condition (b) indicates |x oi | ≤ ν i , so only u i ∞ ≤ τ i needs to be proved. With |u i (t)| ≤ ∑ z ij y j (t) + d i , the LIOS properties can be reformulated as follows.
The small gain condition in (a) represents that
is a non-decreasing function, and by taking supremum on both sides of Equation (15), the following holds. (16) can be reformulated as follows.
With condition (b), ( u ∞ ) c ≤ τ can be obtained, which implies each subsystem still satisfies LIOS and LISS properties after interconnection.
Remark 1.
This stability criterion can judge LISS and LIOS of a dynamic system through checking LISS/LIOS of each subsystem and their connections. From the above proof, the small gain condition (13) shows the non-decreasing of a given function, which indicates that the system states will converge to a certain equilibrium point and can be regarded as the stability constraint of the interconnected system. The condition (b) shows the dynamic performance of the system with τ represents the local region of external inputs. Thus, the dynamics of the system states as well as the corresponding operational limits are considered, which can be regarded as the security constraint of the interconnected system. These two algebraic criterions are easy to check and can be used as constraints in the restoration problem. 
By switching the equilibrium point to the origin, the network equation can be formulated as follows.
Place ∆U L to the left side and the following equation is obtained.
Take absolute value of each element in Equation (19) , the relationship of inputs and outputs is can be represented as u c ≤ Z· y c + d.
β function can be obtained according to the comparison principle in [28] as follows
V is LISS-Lyapunov function of the system, and η(s) is a strictly decreasing differentiable function on (0, ∞) (Lemma 4.4, [28] ).
As shown in (b) of the flexible criterion, the judgement of security only requires the value of β function at the initial time instant. Thus, the β function used in the security judgement can be simplified as follows.
Above all, based on the flexible stability and security criterion, the load restoration problem Equation (9) considering stability constraints can be formulated as the following optimization problem.
Algorithm for Load Restoration Considering Stability and Security Constraints
To obtain the restoration strategy for the restoration problem formed in Section 3, an algorithm to solve the optimization problem as shown in (22) is proposed in this section. In the proposed heuristic approach, a bisection search is used to find the loads to be restored.
Heuristic Approach
When taking the stability and security constraints into consideration, it is possible that not all the loads can be restored at the same time due to the violation of the constraints. Therefore, the restoration can be divided into several stages, with each stage restoring a portion of unserved loads. The time interval between two stages depends on the dynamic response of the system. Namely, the (i + 1)th stage begin to restore load only when the system tends to be stable after the ith stage restoration. Since the flexible stability and security criterion presented in Section 3 contains non-convex constraints, solving the optimization problem in Equation (22) directly is very time-consuming. To reach a fast load restoration, a heuristic approach is proposed to optimize the survivability of the IPS at each restoration stage, and the loads to be restored are arranged in order according to their level of importance and capacity. The flowchart of the proposed heuristic approach is depicted in Figure 2 , and detailed steps are described in the following paragraphs. 
Bisection Search for the ith-Stage Restoration
In the heuristic approach proposed in Section 4.1, the restoration strategy at each stage is calculated through a bisection search over the load set . The bisection searching method is proposed in this section, the process of which is depicted in Figure 3 .
Step 0. Arrange all the loads that need to be restored in order (1:n), as shown in Section 4.1. Where n denotes the number of loads that need to be restored.
Step 1. Set ∆ = 0, where ∆ denotes the stability index of the stability judgement. Set = , and the loads to be restored are represented as load 1: .
Step 2. Run stability and security analysis based on the criterion presented in Section 3. Check whether the system states are within the security operational limits when loads 1: are restored. If yes, go to the next step. Otherwise go to step 7.
Step 3. Set the stability index ∆ = , where • denotes rounding down a number to the largest integer, namely ∆ is the largest integer that does not exceed .
Step 4. Whether the stability index ∆ equals 0. If yes, go to step 11. Otherwise, go to the next step.
Step 5. Set = + ∆ .
Step 6. The loads to be restored next are denoted by loads 1: , and go back to step 2.
Step 7. Whether the stability index ∆ equals to 0. If yes, go to step 12. Otherwise, go to the next step.
Step 8. Set ∆ = ∆ − ∆ , where ∆ denotes the instability index of the stability judgement.
In addition, set ∆ = ∆ . Step 0. The IPS is influenced by external disturbances, and fault occurs.
Step 1. According to the operational limit, failure lines and buses exceed the security limit are removed by protection devices. Set i = 1.
Step 2. Form a load set L that represents all the outage loads which require to be restored.
Step 3. Check whether the load set L is empty. If yes, go to step 8. Otherwise, go to the next step.
Step 4. Arrange the loads in order based on their level of importance and capacity.
Step 5. The ith stage restoration strategy is obtained through a bisection search over the loads to be restored, and the feasibility of restoration is checked by the criterion presented in Section 3.
Step 6. Check whether the restoration strategy obtained at the ith stage is feasible. If no, go to step 8. Otherwise, go to the next step.
Step 7. Perform restoration strategy at the ith stage obtained from step 6 and remove the restored loads from the load set L. After the system status becomes stable, go back to step 2, and then start (i + 1)th stage restoration. Set i = i + 1.
Step 8. The end of the load restoration process.
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In the heuristic approach proposed in Section 4.1, the restoration strategy at each stage is calculated through a bisection search over the load set L. The bisection searching method is proposed in this section, the process of which is depicted in Figure 3 .
Step 12. Set the instability index ∆ = − .
Step 13. Whether the instability index ∆ equals to 0. If yes, go to step 15. Otherwise, go to the next step.
Step 14. Set = − ∆ , and go back to step 6.
Step 15. Remove the first load in the load set (1: ). Set = − 1, = , and reorder the remaining loads as 1: .
Step 16. Whether equals to 0. If yes, go to step 17. Otherwise, go back to step 6.
Step 17. The iteration ends, and the ith stage restoration is infeasible. 
Case Study
In this section, an IPS with a structure constructed based on the IEEE 14 bus system is used as an example. The IPS consists of 5 generators ( − ), 9 induction motors ( − ) and 2 constant impedance loads ( , ) as depicted in Figure 4 . The mathematical model of generators and induction motors are presented in Appendix A, and the corresponding parameters are shown in Appendix B. The voltage dynamics of a generator are described as a fourth order model, and the induction motor is modeled by a third order electro-mechanical transient model, which can be found in [10] . Transient simulations are conducted on PSCAD/EMTDC (version 4.2.1, Manitoba HVDC Research Centre, Winnipeg, MB, Canada), which are performed to verify the effectiveness of the proposed method. Step 0. Arrange all the loads that need to be restored in order (1:n), as shown in Section 4.1. Where n denotes the number of loads that need to be restored.
Step 1. Set ∆ Y = 0, where ∆ Y denotes the stability index of the stability judgement. Set a = n, and the loads to be restored are represented as load 1 : a.
Step 2. Run stability and security analysis based on the criterion presented in Section 3. Check whether the system states are within the security operational limits when loads 1 : a are restored. If yes, go to the next step. Otherwise go to step 7.
Step 3. Set the stability index
, where · denotes rounding down a number to the largest integer, namely ∆ Y is the largest integer that does not exceed n−a 2 .
Step 4. Whether the stability index ∆ Y equals 0. If yes, go to step 11. Otherwise, go to the next step.
Step 5. Set a = a + ∆ Y .
Step 6. The loads to be restored next are denoted by loads 1 : a, and go back to step 2.
Step 7. Whether the stability index ∆ Y equals to 0. If yes, go to step 12. Otherwise, go to the next step.
Step Step 9. Set a = a − ∆ N .
Step 10. Check whether the stability index ∆ Y equals 0. If yes, go to the next step. Otherwise, go back to step 6.
Step 11. Obtain the feasible solution of the ith stage load restoration, and the result is to restore loads 1 : a.
Step 12. Set the instability index ∆ N = a − a 2 .
Step 13. Whether the instability index ∆ N equals to 0. If yes, go to step 15. Otherwise, go to the next step.
Step 14. Set a = a − ∆ N , and go back to step 6.
Step 15. Remove the first load in the load set (1 : a). Set n = n − 1, a = n, and reorder the remaining loads as 1 : a.
Step 16. Whether a equals to 0. If yes, go to step 17. Otherwise, go back to step 6.
Step 17. The iteration ends, and the ith stage restoration is infeasible.
In this section, an IPS with a structure constructed based on the IEEE 14 bus system is used as an example. The IPS consists of 5 generators (G 1 − G 5 ), 9 induction motors (L 1 − L 9 ) and 2 constant impedance loads (L 10 , L 11 ) as depicted in Figure 4 . The mathematical model of generators and induction motors are presented in Appendix A, and the corresponding parameters are shown in Appendix B. The voltage dynamics of a generator are described as a fourth order model, and the induction motor is modeled by a third order electro-mechanical transient model, which can be found in [10] . Transient simulations are conducted on PSCAD/EMTDC (version 4.2.1, Manitoba HVDC Research Centre, Winnipeg, MB, Canada), which are performed to verify the effectiveness of the proposed method. Table 1 presents the importance level as well as the nominal capacities of the loads in the system. Based on the heuristic approach proposed in Section 4, the set of loads to be restored is formulated in sequence with respect to the product of importance level and capacity of each load. If the products of some loads are the same, they will be formulated in sequence with respect to the load number. Thus, the corresponding set of loads to be restored is formulated in sequence as , , , , , , , , , , during the restoration process. Table 1 presents the importance level as well as the nominal capacities of the loads in the system. Based on the heuristic approach proposed in Section 4, the set of loads to be restored is formulated in sequence with respect to the product of importance level and capacity of each load. If the products of some loads are the same, they will be formulated in sequence with respect to the load number. Thus, the corresponding set of loads to be restored is formulated in sequence as
Load Restoration Test

, L 10 , L 11 } during the restoration process. Table 1 . Level of importance of loads.
The power quality [29, 30] of IPS should satisfy certain requirements during its normal operation. In this paper, the IPS's operational limits are selected according to the rules of China Classification Society Table 2 .
The β function of generators and induction motors is estimated through the algorithm in [24] , 
Generator
Asymptotic Gain Local Region of Inputs
Case 1: A three-phase to ground fault with the ground resistance of 1 Ω is applied at generator bus G 2 at t = 0.5 s. Bus voltages drop below the operational limits, and the terminal line of G 2 is isolated at t = 0.55 s with all the loads shed at the same time. The restoration starts from t = 1.05 s after the voltage recovers. The time interval of each stage is selected as 0.5 s to ensure the dynamics of the previous restoration ends and the system status is around normal operation point.
By using the algorithm proposed in Section 4, the results of load restoration problem are obtained:
The restoration is divided into 6 stages, and the details of each restoration stage are shown in Table 3 . It can be seen that the loads are restored gradually according to the sequence given above. The dynamics of the restored load bus voltages are depicted in Figure 5 . Figure 5 . It can be seen from Figure 5 and Table 3 that, during and after the restoration, the dynamics of bus voltages are all within the operational limit.
is isolated after the fault, and is tripped due to the capacity constraints. As discussed in the criterion proposed in Section 3, the small gain condition holds during the restoration process, which means that the system dynamics will converge to a certain equilibrium point, while the security is checked through the second condition in the criterion. The left side of the inequality in the security condition shows the supremum norm of input of each device, thus the elements corresponding to load buses indicate the maximum voltage drop of each load bus. As shown in Table 3 , the maximum voltage drop occurs at the restored load bus at each restoration stage. It can be seen from Table 3 that the computation of each stage is very fast. It is because in the proposed method, the stability and security criterion inequalities proposed in Section 3 are checked only once for each possible topology of the IPS in restoration, which saves computational time significantly. The proposed heuristic method also accelerates the optimization procedure. It can be seen from Figure 5 and Table 3 that, during and after the restoration, the dynamics of bus voltages are all within the operational limit. G 2 is isolated after the fault, and L 7 is tripped due to the capacity constraints. As discussed in the criterion proposed in Section 3, the small gain condition holds during the restoration process, which means that the system dynamics will converge to a certain equilibrium point, while the security is checked through the second condition in the criterion. The left side of the inequality in the security condition shows the supremum norm of input of each device, thus the elements corresponding to load buses indicate the maximum voltage drop of each load bus. As shown in Table 3 , the maximum voltage drop occurs at the restored load bus at each restoration stage. It can be seen from Table 3 that the computation of each stage is very fast. It is because in the proposed method, the stability and security criterion inequalities proposed in Section 3 are checked only once for each possible topology of the IPS in restoration, which saves computational time significantly. The proposed heuristic method also accelerates the optimization procedure. Case 2: A three-phase to ground fault is applied to line 13-14 at t = 0.5 s, the corresponding ground resistance is 1 Ω. The fault line is tripped, and all the loads are shed at t = 0.55 s since bus voltages drop below the operational limits. The restoration process starts at t = 1.05 s.
The obtained load restoration strategy is as follows:
The restoration is divided into 4 stages, and the details of each restoration stage are shown in Table 4 . The dynamics of the restored load bus voltages are depicted in Figure 6 . It can be seen from Figure 6 and Table 4 that all the loads are restored by performing a 4-stage restoration. The dynamics of bus voltages are all within the operational limit during and after the restoration. The maximum voltage drop of each restoration stage is estimated through the security constraint proposed in Section 3 and is verified through the simulation results as shown in Figure 6 . As shown in Table 4 , the calculation time of the restoration is very fast due to the decomposed stability criterion and the proposed heuristic search approach.
Case 2: A three-phase to ground fault is applied to line 13-14 at = 0.5 , the corresponding ground resistance is 1 Ω. The fault line is tripped, and all the loads are shed at = 0.55 since bus voltages drop below the operational limits. The restoration process starts at = 1.05 .
The obtained load restoration strategy is as follows: , → , , → , → , , , . The restoration is divided into 4 stages, and the details of each restoration stage are shown in Table 4 . The dynamics of the restored load bus voltages are depicted in Figure 6 . It can be seen from Figure 6 and Table 4 that all the loads are restored by performing a 4-stage restoration. The dynamics of bus voltages are all within the operational limit during and after the restoration. The maximum voltage drop of each restoration stage is estimated through the security constraint proposed in Section 3 and is verified through the simulation results as shown in Figure 6 . As shown in Table 4 , the calculation time of the restoration is very fast due to the decomposed stability criterion and the proposed heuristic search approach. The above cases verify the effectiveness of the proposed fast load restoration algorithm. The main benefit of the proposed approach is its ability to consider transient stability and security constraints of the IPS flexibly and fast, which can be analyzed just by checking two algebraic The above cases verify the effectiveness of the proposed fast load restoration algorithm. The main benefit of the proposed approach is its ability to consider transient stability and security constraints of the IPS flexibly and fast, which can be analyzed just by checking two algebraic inequalities. By decomposing the dynamic system into several subsystems, it is easier to analyze the stability of each subsystem with a relatively lower dimension. The changes in system topology only have an influence on the relationship of inputs and outputs of subsystems, which reduces computational burden greatly.
Discussion
The existing research on fast load restoration mainly considers the capacity limits of the IPS, and the restoration strategies are obtained under static constraints. Since the dynamic performance of the system during the restoration process is unconsidered, potential transient stability and security problem may occur in the practical application of the restoration strategies. Compared with the conventional restoration approaches, the proposed approach combines the stability and security constraints through a decomposed stability and security criterion. The restoration process is separated into several stages, the solution of which is obtained with the proposed heuristic method. The solution of the restoration strategy is very fast by checking two algebraic inequalities, and the efficiency can be further improved by applying parallel computing as well as sparse matrix technologies. The proposed fast load restoration approach as well as the ISS-based stability criterion can also be applied to other types of IPS, such as sustainable building [32] and stand-alone hybrid power systems [33] , considering stability issues.
Conclusions and Future Work
This paper presents a novel idea on the fast restoration of IPS, the major advantage of which is its ability to satisfy transient stability and security requirements of IPS. Based on the ISS theory, the system dynamics are considered in the restoration analytically, which have good adaptability for IPS with flexible topologies. A heuristic approach for load restoration is proposed to solve the optimization problem. The load restoration procedure is divided into several stages, and the feasibility of each restoration stage is checked using bisection search over the loads to be restored. Applications of the proposed method to an IPS consisting of generators, induction motors and constant impedance loads is presented. Transient stability and security of the IPS in the load restoration procedure are verified by time domain simulations.
In this paper, the restoration procedure is separated into several stages with equal time intervals. To achieve a faster restoration strategy, length of the time intervals remains to be optimized. By accurately estimating the IPS's dynamic response based on the ISS theory, algorithms for reducing the length of the time intervals are needed while guaranteeing the stability of IPS. Further research to extend the proposed method to large-scale power systems is undergoing. A more general LISS/LIOS analysis methodology should be developed to reduce the conservativeness of stability analysis for the application to large systems.
In addition, this paper mainly focused on the IPS with traditional fossil fuel generators, which are usually applied to circumstances such as shipboards and airplanes. Future work is undergoing to apply the proposed algorithm in the restoration of distribution networks with renewable energy sources and microgrids. After an extreme weather event, blackout may occur in the networks due to device failures. In the circumstance, restoration is used to make full use of the available energy storage to supply critical loads and enhance the resilience of the distribution network. Prior work is done in [5] , where microgrids are used to restore loads based on the analysis of their ability to supply loads. In [34] , pre-hurricane resource allocation is considered which helps to improve the effectiveness of load restoration after a hurricane occurs. In these prior works, the uncertainty of sustainable sources is carefully considered and modeled. The application of the proposed approach in this paper to the resilience enhancement of distribution network considering stability issue is undergoing, and the stability conditions dealing with uncertainties should be addressed through further research.
Appendix A. Models of the Generator and Induction Motor [11]
Generator model: where the implication of variables is listed in Table A1 . Induction motor model: T E y − (X − X )I x E x = −r s I x + X I y + V x E y = −r s I y − X I x + V y P e = E x V y − E y V x where the implication of variables is listed in Table A2 . the real part and the imaginary part (p.u.) of the stator current T , H the rotor circuit time constant and the inertia constant P m , P e the mechanical power and the output active power of the induction motor Appendix B. Parameters of the IPS Shown in Figure 4 
